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Major Goals: One of the most difficult challenges for RF electronics is achieving a co-channel isolation > 100dB
for simultaneous transmit and receive (STAR) from a single aperture without any time / frequency / polarization /
beam-pointing multiplexing. For narrow bandwidth channels and transmitted powers in hundreds of watts the
isolation must be > 130dB. To achieve gold-STAR capability, the new front-end topologies that combine multiple
layers of analog isolation and digital back-end processing are needed. A carefully designed passive antenna sub-
system may provide 20-80dB of gold-STAR isolation thus significantly aiding the actual implementation of full
duplex RF systems, and then reducing cost.

The objective of this project was to conduct detailed study of antenna configurations that may yield high gold-STAR
self-interference cancellation for a general set of applications of interest for the US Army. To allow some degree of
realism and practical relevance for the conducted research, we considered applications such as:

1) high-gain point-to-point microwave links,
2) UAS communications, and
3) handheld radios.

The study identified the fundamental and practical challenges, paths for mitigation thereof, tradeoffs, and most
importantly antenna configurations that maximize self-interference cancellation with little to no degradation in their
performance.

Accomplishments: In this research, different design approaches for achieving monostatic STAR antenna
functionality on platforms of interest for US Army are investigated. Theoretical and computational studies are
conducted to bridge the gap between the proposed technical approaches and the fundamental antenna theory.
Based on the herein developed systematic antenna/array design approach, several antenna and array prototypes
are built and theoretical findings are fully validated with experiments. This research project has clearly
demonstrated that the fundamental research on STAR antenna systems is now ready to move into the next step,
specifically, practical demonstration of a fully-integrated full-duplex system. The main accomplishments of this work
can be summarized as follows:

» Monostatic STAR antenna system with a highly directive reflector antennas of interest for microwave links is
demonstrated for the first time. Some specific technical contributions include:

- A coaxial cavity antenna is designed to have an octave bandwidth with VSWR < 2, which is higher than the
bandwidth reported in the open literature.

- The influence of geometry, configuration, and roughness of the reflector on the system’s gold STAR isolation are
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demonstrated.

- New quasi-monostatic configuration for reflector based STAR is proposed in which system isolation is less
sensitive to the imbalances and asymmetries and much wider instantaneous bandwidth is achievable.

- Average measured system isolation of 61 dB is achieved with quasi-monostatic STAR configuration, using COTS
BFN components.

+ Gold STAR antenna system for handheld device platform is proposed. Some selected technical contributions
include:

- Prototype of handheld radio antenna system is fabricated and tested. Isolation of more than 30 dB is measured.
- Omnidirectional patterns with highly correlated beams are measured for MO and M1.

- Extensive sensitivity study that takes into account impact of the soldier's head and the helmet is performed.

- Simple feedback cancelation layer is seen to achieve even high isolation over a narrow channel bandwidth.

* Gold STAR antenna systems on a UAV are studied, which includes:
- Balanced circulator BFN with dual-polarized patch antenna.
- SRA of four dual-polarized patch elements with two Butler matrix BFNs.
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Chapter 1: Introduction
1.1. Motivation

Advancement in communication technologies and increasing adaptability of wireless devices in
commercial wireless and electronic warfare (EW) systems have enabled a greater use of electromagnetic
spectrum and thus with the ever-increasing needs of consumers its congestion. The rising demand for
spectrum has also resulted in the reallocation of certain tactical bands for consumers, such as Advanced
Wireless Services-3 (AWS-3) bands The AWS-3 cover frequency bands 1.69-1.71 GHz, 1.75-1.78
GHz, and 2.15-2.18GHz Further, reallocation of the spectrum has also affected the available
bandwidth for tactical radio systems. As a consequence, efficient utilization of frequency spectrum is
increasingly desired. While conventional radios use either time or frequency duplexing for simultaneous
transmit and receive (STAR), STAR wireless system without frequency or time duplexing enables
theoretically doubled system throughput and thus the efficient use of spectrum [3]. EW systems with full
duplex capability can continuously, without any interruptions, perform an electronic attack and electronic
support missions using the same antenna system. To allow full STAR functionality, self-interference
between TX and RX channels must be suppressed below the receiver sensitivity, which is extremely
challenging. Generally, the required TX-to-RX isolation for STAR system is on the order of >110dB [4]-
[6]. The higher the TX power and the lower the RX sensitivity, the higher isolation is required. Such a
high level of isolation cannot be achieved in a single domain, rather, multiple cancelations at multiple
domains (antenna (propagation), analog, and digital domains) are performed to achieve the desired self-
interference cancellation [7]. In this program, the research effort is focused on achieving high isolation in
the antenna domain, so that the additional isolation required from analog and digital domains can be

reduced and the risk of overloading the receiver’s analog and digital subsystems is minimized.
1.2. Background

Different antenna-based cancelation techniques for improving the TX-to-RX isolation have been
considered in the open literature. Bistatic antenna configuration relies on the separation between TX and
RX antennas. In addition to increasing separation, recessing in an absorber, use of high impedance
surface, and use of polarization or beam-squint diversity are often considered to further reduce the
coupling [8]-[10]. The main drawback of bistatic configuration is the large separation (often multiple
wavelengths) required to achieve high isolation level, which is impractical for many applications.
Moreover, it is generally believed that the benefit of STAR over multiple input multiple output (MIMO)

systems is lost with bistatic configuration. The use of polarization diversity, while acceptable for many
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commercial applications, is not acceptable for many military applications, such as electronic attack (EA)
and electronic support (ES). When a bi-static configuration is permissible, placing the null in the TX
antenna radiation pattern along the direction of the RX antenna has also been considered with realizable
isolation >35dB. However, the operation bandwidth is usually narrow [11]. A similar approach based on
canceling the near-fields of the TX antennas at the location of the RX antenna has also been proposed
where high isolation over the utilized antennas operating bandwidth has been demonstrated [12]-[13]. The
main issues include the complexity of the beamforming network (BFN), which increases as the number of
TX elements increases, the sensitivity to the feeding network errors, size, and the dissimilarity between
the TX and RX radiation patterns which is undesired for some applications.

Over the past years, the ARG researchers have developed or initiated the development of about a
dozen different STAR antenna configurations [14] for diverse narrow and wide instantaneous bandwidth
applications. Several examples of the proposed and developed topologies and concepts are shown in Fig.
1. Monostatic and bi-static antenna STAR topologies, as well as combinations thereof, have been
considered in stand-alone or integrated on a specific platform (such as Coyote UAV as shown in the
figure below). Isolation bandwidths of several octaves were achieved with some configurations. Some
studies related to the impact of obstacles and asymmetries have also been conducted. These research
efforts, funded by the Office of Naval Research, Naval Research Laboratory, and Lockheed Martin has

resulted in multiple publications [15-24] and was the starting point for the full-duplex antenna study
proposed to be executed here.
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Fig. 1.1: lllustration of several STAR antenna systems developed by the ARG over the past years.
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1.3. Obijectives

One of the most difficult challenges for RF electronics is achieving a co-channel isolation
>100dB for STAR from a single aperture without any time, frequency, polarization, or beam-multiplexing
(gold-STAR). For narrow bandwidth channels and transmitted powers in hundreds of watts, the isolation
must be > 140 dB. To achieve gold-STAR capability, the new front-end topologies that combine multiple
layers of analog isolation and digital back-end processing are needed. A carefully designed passive
antenna sub-system can provide 20-80dB of gold-STAR isolation, thus significantly aiding the actual

implementation of full duplex RF systems.

The objective of this program is to conduct a detailed study of antenna configurations that may
yield high gold-STAR self-interference cancellation for a general set of applications of interest for the US
Army. To allow some degree of practical relevance for the conducted research, we considered
applications such as high-gain point-to-point microwave links, handheld radios, and UAS
communications. This report presents the fundamental and practical challenges, paths for mitigation
thereof, tradeoffs, and most importantly, antenna configurations that maximize self-interference
cancellation with little to no degradation in their performance.
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Fig. 1.2: lllustration of the considered application and photo of the antenna in use [25].

1.3.1. Objective 1: Line-of-Sight Microwave Dish Antenna System

The first objective is to research electrically and mechanically robust passive gold-STAR antenna
approaches and candidates for applications such as the line-of-sight (LOS) microwave relays illustrated in

Fig. 1.2 [25]. This and similar applications rely on quickly deployable high gain reflector antennas and
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radios, which employs either time or frequency division duplex (TDD/FDD) for simultaneous
transmission and reception, thus, not efficiently utilizing the available or assigned electromagnetic
spectrum. For easier prototyping and experimental verifications, the antenna system developed herein
works over 4-8 GHz band. However, the system can be scaled to operate over other frequency bands.
Based on a currently existing systems [26], the goal is to achieve realized gain > 20dBi, front-to-back
ratio (FBR) > 25dB, VSWR < 2, and continuous wave (CW) power handling > 150W. Furthermore, the
main objective is to maximize the isolation between TX and RX, while preserving same polarization and
similar radiation patterns between TX and RX. Specifically, the TX to RX isolation should be at
minimum 15dB above that can be obtained by the state-of-the-art commercial-off-the-shelf (COTS)
circulators operating in the considered frequency band.

1.3.2. Objective 2: Handheld Radio Antenna System

Tactical handheld radios shall operate over multiple bands and enable simultaneous transmission
and reception of voice, data, video, etc. over narrowband and wideband channels nested within the much
wider instantaneous bandwidths across VHF through S-band spectrum (and perhaps beyond). For
example, THALES AN/PRC C-148B MBITR2 handheld radio, shown in Fig. 1.3, has wideband channels
operating over 225-400 MHz, 1250-1390 MHz, and 1750-1850 MHz bands [27]. This radio is chosen as a
demonstration platform for our study since single or multiple antenna systems will be needed to enable

full-duplex communications.

Fig. 1.3: lllustration of the handheld radio.

The main objective is to research antenna technologies that may have a greater chance to be
successfully implemented on handheld radio platforms and facilitate easier practical realization of a true

gold-STAR system. The frequency range of interest coincides with the 1750-1850 MHz band. Impact of
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nearby scatterers including soldiers and ground plane is also investigated. Non-circulator based antenna

front-end configurations are considered.
1.3.3. Objective 3: STAR Antenna System for UAS-Raven
Full duplex capability for UASs is of great interest for many reasons including:

e A number of army missions relying on UASs will keep increasing, CONOPS will diversify and
perhaps even change while the platform is in the theater.
e They will need to function in highly contested electromagnetic spectrum (EMS) environments.

e When operating in swarms, they will need to share scarce bandwidth resources.

Moreover, size-weight-and-power efficient (SWAP) and low-cost solutions must be sought for.
Shown in Fig. 1.4 is an example of a specific UAS platform that is utilized for our study. This platform is
chosen for its small physical size which will ensure that the STAR antenna research maintains its focus on
highly challenging configurations associated with electrically tight spaces and volumes. The goal is to
investigate monostatic antenna configurations operating in 1750-1850MHz band keeping in mind SWAP
constraints. Full duplex capability with minimally invasive STAR antenna candidates is researched.

Fia. 1.4: Launch of UAS RO-11 Raven [28].

1.4. Report Organization

o Chapter 2 presents the design and implementation of highly directive reflector based STAR
antenna. First, the approach involving beam forming network and circulators is used to realize
monostatic STAR. Next, a quasi-monostatic approach is proposed, which is circulator-less, and

less sensitive to imbalances and asymmetries. Further, the design, fabrication, and measurement
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results of the coaxial cavity (used as feed), the axis-symmetric reflector antenna, and measured
isolation of both the STAR configurations are presented.

Chapter 3 demonstrates the mode multiplexed STAR antenna system for a handheld radio
platform. A circular array of four dipoles is the basis for the antenna system, and the mode
multiplexing is achieved by BFN. While isolation is theoretically infinite, >30dB isolation is
measured over 1750-1850 MHz with the fabricated prototype. Sensitivity analysis is performed on
the imbalances of BFN and nearby object, such as soldier’s hand and head. Other, possible
applications of the proposed system are also discussed.

Chapter 4 investigates three approaches to implement STAR antenna system on a UAS-Raven
platform. First, a balanced circulator BFN with a single dual-pol patch element on Raven’s belly is
shown to achieve > 20 dB isolation over 1750-1850 MHz. Further, a sequential rotation array
(SRA) of four dual-polarized patch elements on Raven’s tail fed by two Butler matrix BFNs with
expected system isolation > 38 dB over 1750-1850 MHz is considered. It is also demonstrated
that the body of Raven can be used as the radiating element based on characteristic mode analysis
(CMA). Exciting two orthogonal modes on Raven’s body can be used to realize a STAR antenna
system, however, no STAR antenna systems are designed.

Chapter 5 summarizes the contributions of the report.
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Chapter 2: Line-of-Sight STAR System
2.1. Introduction

Point-to-point links rely on high gain antennas for long range and directional communication,
often the desired high gain is achieved with reflector antennas. Therefore, a STAR capable reflector
antenna can alleviate the challenges imposed by spectrum reallocation in AWS-3 for tactical radio relay.
The reallocated spectrum is centered around 1.6 GHz, which covers 3 narrowband channels as mentioned
in the introduction (Chapter 1). In this program, an antenna system corresponding to a scaled NATO-111+
(1.35-2.7 GHz) band is fabricated, in order to reduce the size and facilitate the measurement with
available resources. Design and analysis of the scaled prototype, which covers the full C-band from 4
GHz to 8 GHz is the focus of this chapter.

The chapter is organized as follows: Architecture and schematic of the monostatic-STAR are
explained in Section 2.2. Section 2.3 discusses the operation, design, and performance of the coaxial
cavity feed. Section 2.4 describes the design of reflector antenna, influence of struts on the radiation
patterns, fabrication, and performance of the antenna. The implementation of proposed STAR
configuration, ideal and measured system isolation and impact of imbalances and asymmetries on the
system isolation are discussed in Section 2.5. A quasi-monostatic STAR configuration, coupling
mechanism, simulated and measured system isolation are discussed in Section 2.6. Conclusions are

outlined in Section 2.7.

2.2. STAR Configuration

In this approach, the BFN is arranged to cancel the coupled/leaked signal from the antenna and
circulators, by creating 180° phase difference between the TX and RX reflected signals. The realized

arrangement results in a theoretically infinite isolation between the TX and the RX|[1]t[4]| The schematic

and operation of the proposed configuration are further explained in the following paragraphs.

First, the input signals (or the TX signals) are connected to the port 1 of the TX 90° hybrid,

HYBD I. Then, the TX signals are split into two signals of equal magnitude and quadrature phase, M—_'Q

andM—_'Q . Further, these signals are routed through Paths | and 11, as illustrated in Fig. 2.1. The signals

fed to the input of circulators | and Il undergo attenuation due to the finite insertion loss (IL) of the
circulators. The outputs of circulators are connected to the inputs of 180° hybrids. The 180° hybrids are

used to generate two signals with equal magnitude and 180° out of phase, which are required to excite
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